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Abstract

This paperdescribesa systemfor planningand
schedulingscienceobsenationsfor fleetsof Earth
observingsatellites. Input requestsfor imaging
time on an Earthobservingsatelliteare specified
in termsof thetypeof datadesiredthelocationto
be obsened, and an objective priority of satisfy-
ing therequest.The problemis to find asequence
of starttimesfor obsenationsandsupportingac-
tivities suchas instrumentsleving and enforce-
mentof instrumentthermalduty cycles, that sat-
isfy a setof temporalandresourceconstraintsle-
scribingthe physicaloperationof the spacecraft.
We assumehat thereare morerequestghat can
possiblybe servicedover a givenschedulingvin-
dow, andthatimagesmay vary in their scientific
utility, leadingto an optmizationproblem. This
paperpresentsan approactto solve this problem
employing 1) a formal declaratve model of the
problem, 2) stochasticsamplingmethodsto find
plans,and 3) specialpurposeheuristicsbasedon
ageneralizedontentionmeasure.

Keywords: Planning,scheduling,stochasticsearch,con-
straintsatisfction,Earthobservingsatellites.

1 Intr oduction

NASA's growing fleetof EarthObservingSatellites(EOSSs)
employ advancedsensingtechnologyto assistscientistsin
the fields of meteorologyoceanographybiology, geology
and atmosphericscienceto betterunderstandhe complex

interactionsamongEarth’s lands,oceansand atmosphere.

Currently scienceactvities on differentsatellites or on dif-
ferentinstrumenton the samesatelliteareschedulednde-
pendentlyof oneanotherrequiringthemanualcoordination
of obsenationsby communicatingeamsof missionplan-
ners.

As thenumberof EOSsanddemandor obsenationtime
on themincrease,t will no longerbe viable to manually
plan coordinatedscienceactiities. A morerealisticvision
for scienceobsenation managemenis to allow customers
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of the data(the scientistgthemseles)to requestdataprod-

ucts from a centralizedEOS scienceobsenation manage-
mentsysteminsteadof directly from anindividual satellite
or mission. Automatedtechniquewill assistin the process
of determiningthe resourceghatareinvolvedin collecting

data, storing the datatemporarily on boardsatellites,and

transmittingthe databackto Earth. This will enablemore

efficient managementf thefleet of satellitesaswell asthe

communicatiorresourceshatsupportthem.

Previously reportedwork on EOS schedulingproblems
includesboththeoreticalinvestigationaisingabstracimod-
els,aswell asoperationakchedulergor ongoingEOSmis-
sions. Very few approachesonsidermultiple satellitesor
the coordinationof obsenations. Thetheoreticalstudieson
managinga single satelliteusuallyinvolve simplified mod-
elsof thesatellite.For example Lemaitreetal. [2], Pembert
on [4] andWolfe andSorenseri7] do not discusson-board
datastorageor communicationsystemmanagement.

Thereare several operationalsystemsfor ongoingEOS
missions. The ASTER schedulerescribedn [3] andthe
Landsaf7 schedulef5] aretwo examples.Theseschedulers
have quite detailedmodelsof the satellitesandthe commu-
nicationservironment. However, they do suffer from some
limitations,which arediscussedn [1].

Many of the searchalgorithmsdescribedn the literature
areincompletealgorithms. The primary reasonfor focus-
ing on suchalgorithmsis that, even for small numbersof
satellites,the problemsare large enoughthat solving them
optimally is impractical. The usualapproactis to greedily
selectthe next highestpriority requesto try andschedule,
andrejectit if thereis nowherefor it to go. The ASTER
schedulef3] works exactly this way, as doesan approach
describedy Wolfe andSorenseih7].

In Franket. al. [1], an automatedapproachfor sci-
enceobsenation managementor multiple satellitesbased
on constraint-baseéhterval planningwas proposed. The
current papersummarizegesults obtainedusing this ap-
proach,anddiscussegxtensionsandrefinementshat have
emegedfrom the resultsof experimentsundertalen using
the approach. Specifically the remainderof this paperis
structuredasfollows:

e Thesatelliteinstrumenandresourcanodelusedby the
systenfor scienceobsenationplanningis describedn
section2;



e A two-phasedsearchtechniquefor generatinghigh
quality obsenation schedulesasedon the objective
of maximizing the number of high-priority requests
scheduledwhich combinesstochastigreedyschedul-
ing with constraint-baseglanningis discussedn sec-
tion 3; and

e The heuristic usedin the greedy schedulingphase,
which selectsboth the obsenations,andthe timesfor
thembasedon the contentionfor time andothersatel-
lite resourcess summarizedectior4.

2 Modeling The EOS ScienceObservation
SchedulingProblem

An EOS obsenation schedulingproblemconsistsof a set
of satellites,eachin a particularorbit aroundthe earth,and
eachwith heterogeneousapabilitiesnvolving a suiteof in-
strumentsandresourcegor downlinking data. Somesatel-
lites will have pointableinstruments,providing increased
flexibility in the locationsthey canobsene at ary point in
an orbit. The problemalsocontainsa setof requestseach
consistingof thelocationto beobsened,thetypeof datade-
sired,andapriority, correspondingo the scientificutility of
the data. Solvingthe EOS obsenation schedulingproblem
consistsof generatinga sequencef obsenationsto be ac-
quiredby eachavailableimaginginstrumenbneachof aset
of satellitesalongwith supportingactiities suchasinstru-
ment slews, instrumentshut-davn to handlethermal duty
cycles,andtransmissionsf databackto Earthto emptythe
SSR.

The ConstrainBasednterval Planning(CBI) framework
[6], asimplementedn the EUROPA planningsystemwas
employedto solve theEOSobsenationschedulingproblem.
A generaldescriptionof the modelingparadigmappearsn
[1]. A CBI modelfor theEOSdomaincontainsadeclaratve
descriptiorof satellitesensingnstrumentsandresource$or
storingandtransmittingdata,aswell asits orbitaltrack. The
modelalsodescribeghe constraintseachobsenation plan
sequencenmust satisfy Theseinclude requirementon the
instrumentsusedto collect the data, including thoseasso-
ciatedwith the duty cycle for the instrument. The model
alsocharacterizeslurationandorderingconstraintsassoci-
atedwith the datacollecting, recording,and downlinking
tasks.In addition,SSRcapacityandconstraintn commu-
nicationsequipmentsuchas satelliteantennaeand ground
stationamustbesatisfied. Theremayalsobeset-upstepsas-
sociatedwith particularoperationsjik e establishinga data
link prior to downlink, or aiminganinstrumentprior to data
acquisition. Thesestepsgenerateurther temporaland or-
deringconstraints.

Figurel visuallydepictshow all of theseaspectsirecom-
binedin a simplemodel. This modelshawvs theinteraction
of aninstrumentandan SSR.Theinstrumentransitionsbe-
tweenPoi nting, ldle, CalibratingandTake-
| mmge. The SSR transitions between Recor di ng,
Pl ayback andl dI e. Thetimerequiredfor Poi nt i ng,
Cal i brating, Recordi ngandPl ayback actiities
areconstrainedy the parametersf thoseactvities. In ad-
dition, Take- | mage andRecor di ng actiities mustbe

simultaneousand whenever a Pl ayback occurson the
SSRtheinstrumentmustbel dl e.

Instrument Attribute

Calibrating—Time:
time = ¢ x view_angle

Calibration

Pointing-Time:
time=c x angle

Idle

Take-Image

Equal

Playback-Time:
time=data_amt x data_rate
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Record-Time:

time=data_amt x datafratelj @
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Figurel: A simplified modelshaving theinteractionof in-

strumentandSSRattributes. Ovalsrepresenthe statesper

mitted for eachattribute. Solid linesindicatepossiblestate
transitionswithin an attribute, dashedines indicatetempo-
ral constraintgequiredbetweenattributes,and boxesindi-

cateconstrainton the parametersf certainstate.

In the EURORA planning approach,the world is de-
scribedin termsof a setof timelines, or state variables
The valuesfor a statevariable are the possibleactionsor
statesof that variable. Thus,the actionvaluesfor an SSR
timeline representthe actionsof recording, playing back
data,or idle. The modelalsorepresentset-upeventssuch
aswarming up an instrument,or slewing for antennaeor
pointablesensinginstruments.Figure 2 illustratesa small
EURORA planinvolving two satellitesanda TDRSScom-
municationsatellitefor downlinking data. The figure indi-
categhatevery Take- | mage actiity is synchronousvith
aRecor d( N) actvity ontheassociate®SR,whereN is
a parametestandingfor the amountof dataaddedto stor
age.Similarly, everyPl ayback( N) actwity for asatellite
is synchronousvith aCont act actvity whenTDRSSis in
contactwith that satellite. Activities suchasAi m ng the
antennarealsoshawn.

In the courseof thework reportednhere,a numberof dif-
ferentEOSschedulingnodelsweredevelopedthatdiffered
in the numberandtypesof satellitestatevariablesandtheir
associatedalues that wereintroduced. The mostdetailed
modelcontainedfor eachsatellite statevariablesor multi-
ple slevableimagingdevices,SSRutilization, antennaand
groundstationavailability. The detailedmodelhadthe ad-
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Figure2: A completeEUROPRA plan with two EOSsand
one TDRSS.Eachsatellitehas3 attributes: the instrument,
SSR,andcommunicatiorantenna.The TDRSShastwo at-
tributes:the contactandtransmitter

vantageof producingthe most detailedplans, but sloved
down the planningprocesgo the extentthatonly relatively
small problemsizes(lessthan50 requestsiould be solved
effectively. A simplermodelwasproposedvhich contained
statevariablesfor only the imaging devices. This model
leveragesthe assumptiorthat the periodswhen the satel-
lite can communicatewith Earth are known before hand,
andthat the satelliteis guaranteedo usethoseperiodsto
emptythe SSR.In this model, SSRutilization andduty cy-
cle chcekswere managedvia special-purposeodein the
planner This allows for the generatiorof solutionsto prob-
lemswith upto 150request®vera 10,000secondplanning
horizonin time on the order of minutes. Futurework will
documenthe performancef the plannerin greaterdepth.

3 EOSObservation Planning

The size of a typical EOSobsenation schedulingproblem,
expressedn termsof the potentialnumberof actiities that
needto be scheduledn orderto solwve it, renderssolution
techniqueshasedon completesearchinapplicable. Even
single satelliteinstanceof the problemsuchasthe single
day Landsat7 schedulingproblemtendto be comprisedof

of hundredf candidatemagingactvities, aswell asasso-
ciatedactvitiesfor storinganddownlinking thedata.Onthe
otherhand,standardyreedyheuristicapproachethatdo not

perform completesearchoften suffer from mypoia dueto

theforcedadherencéo theadviceprovidedby the heuristic

evaluator This myopiaoftenresultsin theinability to find
high quality schedules.

As amiddleground,we have choseraplanningalgorithm
that combinesheuristics, stochasticsearchand constraint
propagation.A sketchof the EOS planningalgorithm ap-
pearsn Figure3. Duringthestochastisearchphasetheal-
gorithmrepeatedlyselectsan obsenationthatstill hastime
windows available, then selectsa time to schedulethe ob-
senation. This assignments addedto the plan, and con-
sequencesf the newly scheduledbsenationarechecled
for consisteng with the existing schedule.The inferences
performedduringthis stepincludethefollowing:

e A checkto ensurethat the sensinginstrumentcan be
slewed in time to capturethe obsenation just sched-
uled, and the obsenation immediately following it.
The reasonis thatthe new obsenation may requirea
long instrumentslew after the obsenation preceeding
it, or may requirea long slew to the obsenation fol-
lowing it; if thereis insufficient time for either slew,
theobsenationcan't bescheduledtthecurrenttime.

e A checkto ensurethat instrumentduty cycle con-
straintsarenot violatedby the addedobsenation. The
duty cycle limits the amountof time the instrument
may be continuouslyoperating;if this durationis ex-
ceededby insertingan obsenation at this time, then
theobsenationcant be scheduledatthe currenttime.

e A checkto ensurethat the spacecrafSSRhascapac-
ity remainingin theinterval betweerdownlinks. Since
the times of downlink are known, and the spacecraft
is assumedo emptythe SSRat thesetimes, the exact
storagecan be computed;if insertingthe obsenation
atthe currenttime would exceedthe capacity thenthe
obsenationcant be scheduleatthecurrenttime.

e Supportactiities thatmustbe assignedstheresultof
theaddedbsenationareinsertednto theplan,andthe
effectsof theseadditionsarepropagated.

Theresultinginferencesnay leadto the detectionof anin-
consisteng, meaningthat the schedulingof this particular
obsenationin this time slotis not possibleandmustbe un-
done. If othertimes are availablefor the obsenation, the
processs repeatedor thesecandidateslots;if thereareno
slotsleft, the obsenationis rejectedfrom the plan.

Whenit is not possibleto scheduleany more obsena-
tions, the planning processentersits secondphase. The
schedulegeneratediuring the first phaseis further refined
to ensurethatall obsenationshaving subgoalgsetupsteps
or other preconditions)have been completely expanded.
If this processis successfulthe resulting scheduleis re-
turned. The processof choosingtimeslotsfor obsenations
andcompletingtheresultingscheduleanberepeatednary
times, therebyrandomlysamplingfrom the spaceof possi-
ble schedules.

What distinguishesthe HBSS algorithm from ordinary
greedysearchis the way in which obsenationsand time
slotsareselected The HBSSalgorithmemploys a heuristic
to rankthe possiblealternatves. HBSSthenchoosegproba-
bilistically from amongthealternatves,weightedaccording



HBSS
repeatfor afixednumberof times
while obsenationsarestill possible
Randomlyselectanobsenation
usingheuristicasstochastidias

until aconsistentime slotis foundor no choicesremain

Randomlyselectatime
Assignthe obsenationto thetime slot
Propagateonstraintsanddecisionsuntil
nothingleft to do or planinconsistent
end until
endwhile
Expandary remainingsubgoals
Checkfor consisteng
endrepeat
end

Figure3: A sketchof the HBSSalgorithmmaodifiedfor the
EOSSchedulingproblem.

to their rankingor score. Thus, possibilitiesranked highly
by the heuristichave higher probability of being selected,
but otherlower ranked possibilitiesare sometimeselected.
This meangthat several alternatveswith roughly the same
scorewill have roughly equalprobability of beingchosen.
Becauseof the stochasticcharacterof the selectionsteps,
alternatve schedulesrelik ely to beexploredwith eachsuc-
cessve restartof thealgorithm.

4 Contention Heuristics

The successof greedy search method for obsenation

schedulingdepend=on the heuristicusedfor selectingthe

obsenationto schedulenext, andselectingthe time slot for

the obsenation. The heuristicevaluationfunction chosen
for the EOS schedulingproblemis a weightedsum of two

measure®f contention contentionfor time slotsandcon-

tentionfor the SSR.In this sectionwe formally definethese
two measures.

Let Observations(t) is the setof obsenationsthatcould
occurattime ¢, and Opportunities(o) is the setof discrete
opportunitiedor obsenationo (notingthateachdiscreteop-
portunityis exactly long enoughto accommodatéhe obser
vation.) Theneedof anobsenationcanbedefinedas:

B Priority(o)
~ |Opportunities(o)|

Need(o)

The contentiorfor a particulartime slot canthenbedefined
as:

SlotContention(t) = Z
0€Observations(t)

The contentionfor a particularobsenation canthenbe de-
finedas:

Need(o)

SlotContention(o) = min SlotContention(t)

tEOpportunities(o)

We take the minimum here becauseif thereis a low-
contention opportunity to schedulean obsenation, this

shouldnot be overshadwedby otherhighercontentionop-
portunity. In otherwords,addinganothemopportunityfor an
obsenation should never increasethe contentionmeasure
for thatobsenation.

Measuringcontentionfor a global resourcdike SSRca-
pacity involves generalizingthe above contentionmeasure
to considerthe amountof the resourceneededoy anobser
vation, the resourcecapacity and the interval of time un-
derconsideration Let Requires(o, r) be the amountof re-
sourcer requiredby obsenation o, andlet Capacity(r, 1)
bethe capacityof aresourcer overatimeinterval i. Thus,
an SSRwith a capacityof 50 hasa Capacity(r,i) = 50.
If aplaybackof 20 units occurswithin the interval 4, then
Capacity(r, ) = 70. We thengeneralizehe above defini-
tionsto be:

Priority(o)

Need(o,r) = Requires(o, r) [Opportunities (o)]

Z Need (o)

o€Observations(i)

Capacity(r, )

SSRContention(r,i) =

SSRContention(r,0) = min
1€Opportunities(o)

Again, note that thesemeasuresxhangeas actvities are
scheduled.In particular as actwities that empty the SSR
arescheduledCapacity(r, ) mayincreaseandasobsena-
tionsarescheduledCapacity(r, ) maydecrease.

Intuitively, thesecontentiormeasuregrovide a moreac-
curateassessmerdf how hardit is to actuallyschedulean
obsenation. Using thesemeasurespur variable ordering
heuristicis:

Sdedulethe observationof highestpriority and
highestoverall contention

where overall contentionis a weightedsum of contention
measurefor time slotsandSSRcapacity We speculatéhat
employing this compositeheuristicwill obtainbettersched-
ulesthanan approachthat useseithercomponenteuristic
taken alone. On the one hand, measuringtime slot con-
tentionwill resultin fewer obsenationsbeingrejectedrom
a scheduleput may produceassignmentshat violate SSR
capacityrestrictions;on the otherhand,the SSRcontention
heuristicwill monitor SSRload, but in doing so might ig-
noretime slotswith lower contention thus possiblyreject-
ing obsenationsthatcould have beenscheduled.
Givenanobsenationto schedulewe would preferto put
it in the placewhereit will competewith the fewestother
obsenations.We canusethe above contentionmeasureso
defineavalueorderingheuristic:

Sdedulean observationin the opportunitywith
theleastcontention

5 Conclusionsand Future Work

The besttradeof betweenthe timeslot contentionand the
SSRcontentionis unknovn. We have beenexperimenting
with differ weightassignmentto eachcomponenineasure

SSRContention(r, )



in orderto evaluatetherelative importanceof eachin gener
atinghighquality schedulesTheseresultswill bepublished
in futurework.

This systemdescribecherehasbeenproposedaspartof a
distributedarchitecturdor scienceobsenationmanagement
that potentially includesan on-boardcomponent. The on-
boardsystencouldbeeffectivein providingamoreaccurate
assessmertdf the utility of a scheduledbbsenation, based
oninputsfrom assetdik e on-boardsensorscommunication
from other satellites,or real-timeweatherinformation. It
could alsoallow for morereactvity to degradedcapability
of resourceswhetherconsistingof loss of groundstation
availability, an observinginstrument,or SSRdeterioration.
Theseinputswould be usedfor insertingnew obsenations
into thescheduleor discardingow priority storeddatafrom
previousobsenations.Futurework will reportresultsgath-
eredfrom this aspecbf theresearch.
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